Abstract: In the present paper the total strain energy release rate G associated with delaminations that initiate from a matrix crack in a [ii}mJ'90n]s composite laminate is calculated using the potential energy approach in elastic fracture mechanics. The predictions are compared with a two-dimensional finite element analysis. It is found that for delamination lengths greater than two-ply thicknesses the theoretical and numerical results are in good agreement The new model shows that G is affected by the matrix crack density and residual hygrothermal stresses.
stresses.
Strain energy release rate When a [±en/90nl. balanced symmetric laminate is under static or fatigue tensile loading, matrix cracking in the transverse plies is the first damage mode observed and multiplies with increasing applied load. Subsequently, either edge delamination will form between the -9/90 interface due to Poison's mismatch or local delamination will initiate from the transverse ply crack tips due to high local stresses at the crack tip [1, 2] .
In the present theoretical model, transverse ply cracks are assumed to exist in the mid-region 90°p lies with uniform crack spacing of 2s; local delaminations initiate and grow from both tips of each transverse crack and span the width of the specimen. In order to examine the effect of these damage modes on the laminate loading capacity a representative three-layer segment, Fig.I , containing a single transverse ply crack and two strip-shaped delaminations is considered. This element can be segregated into a locally delaminated region 0~y~14 and a laminated region ld S Y S s, z 0, The potential energy method is used to derive expressions for the energy release rates associated with the local delamination, matrix cracking, and their interaction. The potential energy of the 'equivalent' damaged laminate element with a finite gauge length of 2l and width of w is PE= U-{N}'{e}2iw (1) where U is the total strain energy stored in the laminate element; it is a function of matrix cracking density and local delamination area, and its calculation requires a ply-by-ply analysis in order to take into account the contribution of residual hygrothermal stresses.
w2l
{N}' is the transpose of the stress resultant vector for the laminate and is defined as
but the macro-stress or total stress vector {(J} in the kth ply group can be written in terms of the strain vector and the reduced lamina stiffness properties, i.e, (4) where {eRTh and {eRHh are the residual thermal and hygroscopic (moisture) strain vectors in the laminate due to the temperature and moisture difference between the stress-free state and the testing state. They can be computed by using the classical laminate theory. The modified stiffness matrix [Q] of a cracked lamina has been derived in [3] by introducing the in situ damage effective function (IDEF), Aijo and is given by:
where Q~is the in-plane stiffness matrix of the 90°(ply 2) uncracked lamina. The All and AM parameters describe the stiffness loss of the 90°ply caused by matrix cracking and delamination; they are functions of the average matrix crack density, Cd' the relative local delamination area 
where [A] is the extension stiffness matrix of the damaged laminate. {NT} and {N H } represent the thermal and moisture equivalent loads. It is observed that the laminate develops permanent strains due to the interaction effect between damage and residual hygrothermal stresses.
The energy release rate associated with a particular damage mode is equal to the first partial derivative of the potential energy with respect to the crack surface area of the respective damage;
the applied laminate loads, {N}, are fixed and the other damage modes remain unchanged. So, the strain energy release rate due to matrix cracking and local delamination is
Combining eqns.(1,2 and 8) and using eqns.(6,7), the expression for the strain energy release rate due to matrix cracking and local delamination is written as
for the case of specifying laminate strains {e}. The right-hand side in eqn.(9) includes residual hygrothermal strains (or stresses) and their interaction with damage. These expressions for the strain energy release rate are general and simple to use.
Knowing the in-plane stiffness matrix of the cracked lamina for a given matrix crack density, Cd' and relative local delamination area, Did, the energy release rate is directly evaluated from eqns.(9a,b) by differentiating the reduced stiffness matrix with respect to the corresponding damage variable. The effect of interaction between the matrix cracking and local delamination is explicitly included in the reduced stiffness matrix, [Q]. In Fig.2 .. The finite element solution [5] shows that the normalised energy release rate increases with increasing delamination length, and approaches a constant asymptotic value at delamination lengths of about four ply-thicknesses (0 11I =10%). This value is close to the prediction given by the present analytical model. However, further development of the model is required in the transient range (small delamination length). The predictions based on O'Brien's model [2] are independent of matrix crack density and delamination length.
